Influenza is a common cause of respiratory illness, resulting in billions of dollars in both direct and indirect medical costs across the United States [1] . Influenza-associated outpatient visits occur in all age groups, with the highest annual rates among children aged 2-17 years [2] . In the community, influenza is seen earlier among school-aged children and young adults than in other age groups [3, 4] . Annual influenza vaccination has been recommended for children aged 6 months to 18 years in the United States since 2008 [5] and has been demonstrated to decrease the risk of inpatient and outpatient influenza illnesses among vaccinated persons [6] . Indirect protection of children has also been assessed through school-based vaccination programs and among the Hutterite community [7, 8] .
This study was initiated in 2013-2014 to estimate the vaccine effectiveness (VE) of quadrivalent live attenuated influenza vaccine (LAIV) and inactivated influenza vaccine (IIV) among children over 4 consecutive seasons. This report focuses on the 2015-2016 season and follows VE reports from the 2 previous seasons [9, 10] .
In June 2014, LAIV was preferentially recommended by the Centers for Disease Control and Prevention (CDC) Advisory Committee on Immunization Practices (ACIP) for healthy children aged 2-8 years because clinical studies demonstrated superior VE with trivalent LAIV than with trivalent IIV [11] [12] [13] . However, this preferential recommendation was subsequently removed because of the low effectiveness of quadrivalent LAIV in 2013-2014 against A(H1N1)pdm09 viruses [14, 15] . during the 2015-2016 influenza season following the same methods used in the 2013-2014 and 2014-2015 seasons [9, 10] . Four enrolling sites in Florida, Minnesota, Ohio, and Oregon were added for the 2015-2016 influenza season. Communitydwelling children aged 2-17 years seeking outpatient medical care for febrile acute respiratory illness were recruited. Children were eligible for enrollment if they presented with an acute respiratory illness with fever (oral temperature ≥37.8°C at study visit, parental report of fever with or without documented measurement of temperature, or use of antipyretic medication before study visit), with symptom duration of <5 days. Children were excluded from the analyses if they were enrolled before or after influenza circulation at the site, treated with antiviral medication <14 days before enrollment, vaccinated <14 days before symptom onset, received an unknown vaccine type, or reported receipt of vaccine that was not confirmed in the medical record or immunization registry. Enrollment began at each site either before the onset of influenza activity or when there was evidence of increasing influenza incidence based on clinical laboratory testing. Enrollment ended in April or when a substantial decline in influenza-positive cases was observed. At each site, influenza-negative controls who were enrolled before the first influenza-positive case or after the last influenza-positive case were excluded from the analysis.
Study ) , and the University of Florida Primary Care Clinics (Gainesville). The study also included sites in the United Kingdom in this season. However, enrollment at those sites (50 children with complete vaccination data) was considered insufficient to yield meaningful VE estimates; UK data were not combined with data from US sites because children were recruited in a different setting.
This US study was reviewed and approved by the institutional review boards at all participating sites. Written informed consent was obtained from the child's parent/guardian and assent was obtained from the child, when age appropriate, before enrollment. Parents/guardians completed a standardized enrollment questionnaire to ascertain patient demographics and medical history. Data on the number of healthcare visits within the past year and health insurance status were electronically extracted from the medical record.
A nasal swab specimen was collected at the enrollment visit and tested for influenza, respiratory syncytial virus, human metapneumovirus, parainfluenza viruses 1-3, rhinovirus, and adenoviruses B, C, and E at a central laboratory (LabCorp) using a multiplex reverse transcriptase-polymerase chain reaction (RT-PCR) assay (GenMark eSensor; GenMark Diagnostics). Influenza hemagglutinin was sequenced from clinical influenza isolates (cell culture isolates) and subjected to phylogenetic analysis. Influenza strains were then grouped by genetic clade by MedImmune staff who were blinded to vaccine status. It was determined that, during the 2015-2016 season, nearly all influenza A(H1N1)pdm09 viruses in the United States were from genetic subgroups (clades) 6B.1 and 6B.2, with the majority in the 6B.1 clade [16] . Antigenic characterization by the CDC has determined that viruses in the 6B.1 clade were antigenically similar to influenza A/California/7/2009 vaccine reference strain [16, 17] . Therefore, we used genetic clade as a surrogate for antigenic similarity in this analysis.
Influenza This study was conducted according to a test-negative, case-control design [19, 20] . Case patients were defined as children with medically attended febrile acute respiratory illness confirmed as influenza by RT-PCR, and controls were children who tested negative for influenza virus. Logistic regression models were used to estimate odds ratios (ORs), comparing unvaccinated children with those vaccinated with quadrivalent LAIV and either quadrivalent or trivalent IIV. VE was calculated as 100% × [1 − OR]. The same model was used to assess effectiveness against any influenza, influenza A(H1N1)pdm09, influenza B, and influenza B/Victoria.
The odds of vaccine failure (ie, RT-PCR-confirmed influenza) were compared for LAIV recipients versus all IIV recipients. Age group (2-4, 5-8, or 9-17 years), enrollment site, and calendar time (modeled as a series of dichotomous variables representing 4-week intervals) were included in the adjusted model a priori. Sex, number of outpatient visits in the past year, and health insurance status were also included in the adjusted model, because their inclusion changed ≥1 effectiveness estimate for LAIV or IIV by an absolute difference of 3% or more-the predetermined threshold for inclusion in the model. Sensitivity analyses were conducted after exclusion of: (1) partially vaccinated children, defined as those aged <9 years who had not been vaccinated since 2010-2011 and who received only 1 dose in 2015-2016 [18] ; (2) controls who tested negative for any respiratory virus; and (3) children with high-risk health conditions. A post hoc sensitivity analysis was performed excluding sites that enrolled <30 children (Florida, Minnesota, Ohio, and Oregon).
A sample of 1300 children was expected to be enrolled each season for the 4-year study. The total sample size of 5200 over 4 years was calculated to provide 99% power to show LAIV effectiveness versus no vaccine and 83% power to show relative LAIV effectiveness versus IIV (assuming 75% LAIV effectiveness, a 23% positivity rate, and proportions of LAIV recipients, IIV recipients, and unvaccinated children of 30%, 30%, and 40%, respectively). However, power was not prespecified for each individual season owing to the unpredictable epidemiology of influenza, including incidence, subtype distribution, and antigenic characteristics of circulating viruses. Statistical analyses were conducted using SAS statistical software (version 9.3; SAS Institute).
RESULTS
A total of 1254 children were enrolled at 8 sites. Three sites began enrollment in 2015: Wisconsin (starting 30 November), Texas, and Tennessee (both starting 29 December). Five sites began enrollment in 2016: North Carolina (starting 13 January), Oregon (starting 20 January), Minnesota (starting 1 February), Ohio (starting 22 February), and Florida (starting 10 March). All sites closed enrollment on 15 April 2016. Overall, 1012 children (81%) were retained in the analysis. Reasons for exclusion included not meeting eligibility criteria (n = 7), refusal of the nasal swab specimen (n = 9), enrollment before the first or after the last documented influenza detection at that site (n = 215), vaccinated <14 days before symptom onset (n = 7), missing vaccine date or type (n = 3), and lack of a signed Health Insurance Portability and Accountability Act consent form (n = 1).
Among the 1012 children included, 59% were unvaccinated, 10% received LAIV, 10% received trivalent IIV, 20% received quadrivalent IIV, and 1% received IIV of unknown valence (Table 1 ). There were significant differences between unvaccinated children, LAIV recipients, and IIV recipients by age group, race/ethnicity, enrollment site, high-risk conditions, health insurance, and frequency of outpatient visits. At enrollment, two-thirds of children had symptoms for 2-5 days, with nausea (87%), cough (84%), and congestion (81%) the most prevalent symptoms. Headache was the only symptom that varied by vaccine status (unvaccinated, 59%; LAIV, 47%; IIV, 51%; P = .02); a shorter duration since symptom onset was observed among IIV recipients (P = .05).
Influenza A and B were detected in 14% and 10% of children, respectively. Most influenza A cases (99%) were A(H1N1) pdm09 strains. All sequenced influenza A(H1N1)pdm09 viruses belonged to clade 6B.1, consistent with US surveillance data [16] , and were antigenically similar to the vaccine strain. Sixty-nine percent of influenza B viruses were Victoria lineage, 21% were Yamagata lineage, and 10% had missing lineage. Most children (72%) were enrolled between calendar weeks 5 through 12 (31 January to 26 March 2016) when the majority of influenza A and B cases were detected overall ( Figure 1 ) and at each site (not shown).
Compared with no vaccination, VE against any influenza was 46% (95% confidence interval [CI], 7%-69%) for LAIV and 65% (48%-76%) for IIV (Table 2 and Figure 2A) . VE against influenza A(H1N1)pdm09 strains was 50% (95% CI, −2% to 75%) for LAIV and 71% (51%-82%) for IIV. VE against any influenza B strains was 47% (95% CI, −18% to 76%) for LAIV and 56% (21%-75%) for IIV. More specifically, LAIV and IIV VE against B/Victoria lineage strains were 69% (95% CI, −7% to 91%) and 64% (20%-84%), respectively. The odds of any influenza and influenza A(H1N1)pdm09 among LAIV recipients were higher than in IIV recipients (OR, 1.54 [95% CI, .85-2.79] and 1.71 [.78-3.73], respectively), but the ORs were not significantly different from 1.00. VE estimates by vaccine type (LAIV, trivalent IIV, and quadrivalent IIV) are presented in Supplementary  Table S1 .
Results for any influenza were similar when partially vaccinated children were excluded and when controls were limited to those with another virus detected ( Figure 2B and 2C) . Results against any influenza were also similar when case patients and controls were limited to those without high-risk conditions ( Figure 2D ), but LAIV VE for influenza A(H1N1)pdm09 reached statistical significance at 54% (95% CI, 1%-78%). The post hoc sensitivity analysis found similar results when the sites that enrolled <30 children (Florida, Minnesota, Ohio, and Oregon) were excluded ( Figure 2E ).
DISCUSSION
Both LAIV and IIV were protective against any influenza strain in 2015-2016 and against influenza A(H1N1)pdm09 strains in children without a high-risk condition. However, only IIV provided significant protection against influenza A(H1N1)pdm09 strains in the total study population. When LAIV and IIV recipients were directly compared, the odds of influenza A(H1N1) pdm09 infection increased among LAIV recipients. This difference was not statistically significant; however, the direction and magnitude of the association were similar to what was reported by the CDC's US Influenza Vaccine Effectiveness Network (US Flu VE Network) during the same season [17] .
Estimates of VE are important to the ACIP because they help inform the annual recommendations for influenza vaccination in children. The ACIP preferential recommendation for LAIV among children aged 2-8 years in 2014 was based on randomized controlled trials conducted before 2009, in which trivalent LAIV had demonstrated superior efficacy against influenza among children versus trivalent IIV [11] [12] [13] . During the 2009 pandemic, monovalent LAIV influenza A(H1N1)pdm09 vaccine was also reported to be effective against medically attended influenza [21, 22] . However, several studies since 2009 have not found LAIV to be effective, including a 2010-2011 study of trivalent LAIV in the US military [23] and 2 studies of quadrivalent Abbreviations: IIV, inactivated influenza vaccine; LAIV, live attenuated influenza vaccine; RT-PCR, reverse-transcriptase polymerase chain reaction. a P value from tests comparing distributions between unvaccinated children, LAIV recipients, and IIV recipients.
LAIV in American children in 2013-2014 [9, 14] . Given these results, the influenza A(H1N1)pdm09 strain was replaced in the LAIV formulation for the 2015-2016 season [24] . We identified 6 additional studies that examined LAIV VE against laboratory-confirmed influenza in children presenting with medically attended acute respiratory illness in the 2015-2016 season [17, [25] [26] [27] [28] [29] . One study was conducted among 2-year-old children in Finland according to a cohort design. Five other studies, including the US Flu VE Network study sponsored by the CDC, were conducted according to an observational test-negative case-control design with relatively few differences in the protocol specifications. The study conducted by the US Flu VE Network found that LAIV was not significantly effective against any strain (VE, 5%; 95% CI, −48% to 39%) and against influenza A(H1N1)pdm09 strains (−18%; <−50% to 34%). These findings led the ACIP to make the interim recommendation that LAIV should not be used in the 2016-2017 season [16, 30] .
Four of the 5 other test-negative case-control studies found that LAIV was significantly effective against any influenza strains, with point estimates ranging from 46% to 74% (VE estimate against any influenza was missing in the study conducted in Germany [27] ). Notably, point estimates of VE against influenza A(H1N1)pdm09 strains were consistently lower with LAIV than with IIV. These findings demonstrate the importance of estimating VE not only against all influenza strains but also against the most frequent circulating strains, because influenza vaccine strain circulation varies regionally and changes throughout the season.
Differences between the VE point estimates across the CDC's US Flu VE Network study and our study were large and need to be interpreted with caution, given the limited sample sizes and the relatively large 95% CIs. Both studies enrolled children with medically attended acute respiratory illness; however, the CDC study also enrolled adults, whereas our study was limited to children. The US Flu VE Network study required cough for enrollment and illness onset ≤7 days before enrollment; our study required evidence of fever and illness onset <5 days before enrollment. Although cough was not a required symptom in our study, it was reported in 84% of the children enrolled. Because the symptoms of children enrolled in the study were similar, it is unlikely that the differences in the VE point estimates can be explained by variations in study methods alone. Factors contributing to differences observed could include variation in study population and circulation of influenza strains, prior influenza exposure and vaccine history, prevalence of cross-reactive antibodies to drifted circulating influenza strains, and different IIV formulations and their match to circulating strains each year. We are also aware of 2 studies that assessed the effectiveness of LAIV against influenza-associated hospitalizations among children in England and Scotland [31, 32] . LAIV was offered to all children as part of a national vaccination program. LAIV VE in children aged 2-6 years in England was 54.5% (95% CI, 31.5%-68.4%) for all influenza types combined, 48.3% (95% CI, 16.9%-67.8%) for influenza A(H1N1)pdm09, and 70.6% (33.2%-87.1%) for influenza B strains. Provisional results in children aged 4-11 years in Scotland showed that LAIV VE against any laboratory-confirmed cases of influenza was 63% (95% CI, 50%-72%).
As expected, children who received LAIV in our study were less likely to have high-risk medical conditions than those who received IIV. A sensitivity analysis that excluded high-risk children found that LAIV and IIV were effective against any influenza strains and against influenza A(H1N1)pdm09 strains. We controlled for other confounders, such as age group, number of outpatient visits in the last 6 months, health insurance status, and sex, in addition to site and date of enrollment.
Several factors may have contributed to lower LAIV VE in the 2015-2016 season. One potential explanation is the emergence of the influenza A(H1N1)pdm09 subclade 6B.1, which is poorly inhibited by postvaccination adult serum pools despite being antigenically similar based on ferret sera. These results suggest that antigenic evolution is occurring that is not detected by standard hemagglutinin inhibition assays [33] . Consistent with US surveillance data [16] , all sequenced influenza A(H1N1)pdm09 viruses in our study belonged to subclade 6B.1 and were antigenically similar to the vaccine strain. Heat stability of the influenza A(H1N1)pdm09 vaccine strain has also been explored as a possible cause of lower LAIV VE. An investigation by the manufacturer of LAIV found that the A/ California/7/2009 (H1N1)pdm09 strain used in the 2013-2014 season had an increased susceptibility to thermal degradation [24] . The A/Bolivia/559/2013 (H1N1)pdm09 strain used in the 2015-2016 season LAIV was more heat stable than previous season strains; however, VE was still lower than expected. The finding of lower VE led to the ACIP recommendation against using LAIV in the United States in the 2016-2017 season. LAIV is still recommended for use in Europe and Canada. In conclusion, both LAIV and IIV provided statistically significant protection against any influenza among children aged 2-17 years in a geographically diverse US population in 2015-2016. Our findings also add to the clinical evidence suggesting that the effectiveness of LAIV against influenza A(H1N1) pdm09 strains has been lower than observed with IIV since the 2009 influenza A(H1N1) pandemic.
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